A number of important energy and defense-related applications would benefit from sensors capable of withstanding extreme temperatures (>300
INTRODUCTION
High temperature sensors have applications in combustion engines, gas turbines, nuclear and coal power plants, petroleum and geothermal well drilling, and hypersonic flight research. For example, sensors placed as close to the hot zone in turbine engines as possible are needed to provide feedback control for optimal performance.
1 For internal combustion engines, sensors are required for temperature, pressure and vibration to improve performance. 2 This is especially true for diesel engines where knock detection is used to improve efficiency. 3 Conventional silicon-based sensors are limited to operating temperatures of approximately 250
• C due to breakdown of PN junctions or 600
• C due to change in mechanical properties. 4 For higher temperatures, other MEMS materials have been investigated including SiC, diamond, sapphire, and AlN.
SiC is a material suitable for high temperatures and corrosive environments due to its excellent mechanical and chemical properties. It also has a wide bandgap making it suitable for electronics at elevated temperatures. SiC sublimates rather than melts at greater than 2500
• C. SiC has been investigated as a MEMS material for harsh environment transducers since the early 1990s. 5 However, most devices are either piezoresistive or capacitive, requiring temperature stable biasing or modulation schemes.
Diamond is a high temperature compatible material similar to SiC. However, it lacks conventional electrochemical etch processes and requires a passivation layer to prevent degradation due to oxidation. 6 In addition, diamond is normally deposited onto silicon wafers due to a lack of commercially available diamond substrates. making fabrication of MEMS type structures difficult. Ultrasfast pulsed laser ablation has been used to form micromechanical structures out of sapphire, but the process is serial in nature and still a topic of research.
8
AlN is a piezoelectric material with high temperature capabilities.
3 AlN is not, however, in the ferroelectric sub-class of piezoelectric materials, such as lead zirconate titanate (PZT). Ferroelectric materials become piezoelectrically active when net dipole alignment is achieved by exposing the material to a large electric field. The dipole alignment is lost when ferroelectric materials are exposed to a temperature beyond their Curie temperature. In contrast, crystal orientation of thin film piezoelectric AlN is achieved during its deposition process. Thus, it does not require poling and does not have a true Curie temperature. It's operational temperature limit is determined by the breakdown of the aluminum-nitrogen bonds. The piezoelectric effect has been measured in AlN out to 1150
• C. 9 AlN's other beneficial material properties are its high Young's modulus (345 GPa), high resistivity (10 14 Ω·cm), and low relative permittivity (10.2).
We are combining SiC and AlN thin films in a piezoelectric MEMS process on poly-crystalline SiC wafers. The SiC thin film is used as a structural layer due to its excellent mechanical properties. The AlN forms the sensing material since it is piezoelectrically active at elevated temperatures. The material set is nearly matched in coefficient of thermal expansion, with AlN being 4-5 ppm/K 10 and SiC on average of 4.6 ppm/K. 11 The following sections cover the fabrication process of the Sandia AlN-SiC MEMS, or XMEMS, process, the integration of the fabrication steps, and the initial measurements of fabricated devices.
FABRICATION PROCESS
The following describes the fabrication flow that was developed for the XMEMS process. One of the major material choices was the electrode to combine with AlN. The electrode material not only has to be high temperature capable, but also serve as a seed layer for promoting highly (002) oriented AlN. In our process, we have used two different electrode types. First, we developed a nitrogen-doped SiC (SiC:N) film to serve as a bottom electrode. SiC:N has the benefit of material properties consistent with the rest of the material stack. To achieve highly (002) oriented AlN on SiC:N, a thin plasma enhanced tetraethylorthosilicate (PETEOS) buffer layer is used. One drawback of the PETEOS buffer layer is the introduction of a layer with a different coefficient of thermal expansion. However, its thickness is relatively small (2%) compared to the rest of the film stack. More discussion on the development of the SiC:N electrode for highly (002) oriented AlN is given in Section 3.
Our second electrode option is a combination of titanium (Ti) and titanium nitride (TiN). This combination has been shown to promote highly (002) oriented AlN. Ti is a refractory metal with a relatively high melting point of 1650
• C. While TiN is technically a ceramic, it is commonly used in microelectronics as a conductive diffusion barrier. TiN has a melting point of nearly 3,000
• C, but will oxidize in air at 800 • C.
12 Although this will limit the temperature range below that of the AlN, it is a decent low risk alternative to SiC:N. It is also complementary-metal-oxide-semiconductor (CMOS) compatible and available in Sandia's silicon CMOS fabrication facility.
The following fabrication steps refer to 
FILM DEVELOPMENT
The following describes the development to arrive at the XMEMS process.
SiC
The SiC structural film was formed using low pressure chemical vapor deposition (LPCVD) by combining dichlorosilane (SiH 2 Cl 2 , or DCS) and dichloroethylene (C 2 H 2 Cl 2 , or DCE) gases in the range of 850 to 950
• C and a pressure of approximately 250 mTorr.
11 By varying the flow rates of the DCE and DCS gases, the film's residual stress and polytype are manipulated. Conditions of carbon saturation favor the formation of hexagonal α-SiC and compressive stress, while silicon saturation conditions favor the formation of cubic β-SiC and tensile stress.
11 These films are not doped and exhibit a very high resistivity. The roughness of the SiC film is approximately 50 nm RMS as deposited and requires a CMP to smooth the surface for further processing. A cross section of the structural SiC film on a polySi sacrificial layer is shown in Fig. 2 .
The n-type SiC:N film is formed by adding a flow of ammonia (NH 3 ) to the process described above. The film resistivity is manipulated from 20 to 1x10 −3 Ω·cm by changing the NH 3 flow rate from 0.2 to 2.0 sccm. Films with a resistivity of 10 −3 Ω·cm are degenerately doped and represent an upper bound to the conductivity of the SiC:N produced by this process. 
Sputtered AlN
The AlN was deposited by pulsed DC reactive sputtering of aluminum in nitrogen and argon at 350
• C. Highly (002) orientation was achieved by controlling the pressure, substrate temperature and RF bias. Another crucial factor in achieving good orientation is the substrate material and roughness. A cross-section SEM of AlN deposited on silicon is shown in Fig. 3 . The full-width-half-maximum (FWHM) measured via x-ray diffraction is 1.5
• indicating strong (002) orientation, also shown by the vertically oriented grains in Fig. 3 .
AlN was annealed at 950
• C to show that it could survive the high temperature and maintain its crystal alignment. For the SiC:N electrode split, the AlN also has to maintain its orientation through the high temperature of the top electrode deposition process. A 750 nm thick AlN film on a Ti/TiN bottom metal electrode was annealed at 950
• C for 3 hours in flowing nitrogen. The x-ray diffraction measurements are shown in Fig. 4 . The FWHM before and after the anneal were 1.8
• and 1.7
• , evidence of a negligible change in crystal alignment. 
AlN Orientation on SiC:N
AlN was sputter deposited on SiC to measure its crystal orientation. A CMP was performed on the SiC surface prior to deposition to reduce the roughness to approximately 1 nm RMS. A transmission electron microscopy (TEM) image of the films' cross-section in Fig. 5 shows what appears to be fairly columnar AlN. However, the FWHM of the film was 10.8
• indicating a film with poor piezoelectric properties. A 50 nm PETEOS buffer layer was added between the AlN and SiC:N. The FWHM improved to 1.7
• . The PETEOS layer is undesirable as it occupies some of the thickness across which the electric field is dropped with a non-piezoelectric layer. It is likely that improvements to the AlN orientation on SiC:N are achievable by decreasing the film roughness and changing the deposition conditions, however, that was beyond the scope of this work.
Film Stress
When integrating films and process steps to create a surface micromachined process, it is important to measure the film stress. The stress of each film is more times than not dependent upon not only the deposition conditions but also the underlying substrate. Therefore, the stresses of each film were measured as they were deposited on the underlying film in the stack using a Frontier Semiconductor (FSM) 128C2C non-contact full wafer stress
SiC

AlN
AlN grain boundary mapping system. The FSM measures local wafer slope using an optical method. The radius of curvature is the slope of the linear line fit of the data. The film stress is calculated from the radius of curvature via Stoney's formula. 13 Three line scans were taken to achieve an average stress. Both TiN and SiC:N electrode stacks were studied. As can be seen in Table 1 , the AlN film stress varies greatly between the SiC:N and TiN electrode options. The substrate upon which the AlN is deposited determines its nucleation which will effect grain growth and the resulting film stress. The average stresses of both film stacks are manageable with a -60 MPa average stress for the SiC:N electrode and 120 MPa average stress for the TiN electrode. Note that the top electrode was not measured for the AlN case, but it is expected to have a minor effect due to its relative small thickness. 
INITIAL MEASUREMENTS
A variety of devices were simultaneously fabricated in the TiN process flow to explore the fabrication process and show functionality. The objective of the first fabrication run was to prove the fabrication process rather than to build a specific device. Both bending mode devices, such as diaphragms and cantilevers, as well as extensional mode devices, such as microresonators and phononic crystals, were fabricated. A few example measurements to show functionality are given below.
Diaphragm
First, a diaphragm was created that has continuous bottom electrode and an annulus of top electrode. Thus, the application of voltage will create stress in the annular region of the AlN via the indirect, d 31 piezoelectric effect. The stress will induce a bending moment causing deflection or, via an ac voltage, vibration of the diaphragm. An SEM image is shown in Fig. 6 . Note that the diaphragm is perforated with holes to allow for final device release. The size and number of holes was conservatively large to ensure the device was released in the initial fabrication run. Note that there is a bit of residue on the device as a result of a protective film applied during dicing. It is expected that this will be easily removed in future devices.
Vibration of the diaphragm was measured using a Polytec MSA 400 laser scanning vibrometer. The laser was scanned across the diaphragm to capture the fundamental mode shape at 513 kHz as shown in Fig. 7(a) . The frequency response of the center deflection per voltage is shown in Fig. 7(b) . The maximum deflection sensitivity at resonance is 30 nm/V. 
Micresonators
A microresonator operating as a contour-mode rectangular plate 14, 15 is shown in Fig. 8 . The contour-mode resonator has top and bottom electrodes that are continuous across the free-standing rectangular plate. Application of a voltage, creates an electric field across the AlN layer. This results in lateral strain via the d 31 piezoelectric effect and excites the resonator into a width-or length-extensional mode shape depending upon the rectangular dimensions and excitation frequency. The resonator in Fig. 8 will favor the length extensional mode shape due to the anchors along the center axis of the plate. The resonator response in air is shown in Fig. 9 . 
CONCLUSIONS
In this work, we have shown functional devices fabricated in the XMEMS process which integrates AlN and SiC films on a poly-SiC wafer. We have measured maintained crystal alignment of AlN films after a 950
• C anneal. We have also shown a method to use a SiC:N film as an electrode material for AlN piezoelectric structures by using a PETEOS buffer. The device results show the fabrication process is capable of producing both bending mode structures and laterally driven microresonators.
In our future work, we will operate the fabricated devices over ranges of temperature to explore the performance of the material set and discover its temperature limits. We are also near completion of the first XMEMS devices with SiC:N electrodes. Future development will focus on improving AlN alignment on SiC:N in the absence of a PETEOS layer.
